The performance of a pyroelectric detector with a carbon multiwalled nanotube coating was evaluated in the 0.9-14 m wavelength range. The relative spectral responsivity of this detector was shown to be flat over most of the wavelength range examined, and the spectral flatness was shown to be comparable to the best infrared black coatings currently available. This finding is promising because black coatings with spectrally flat absorbance profiles are usually associated with the highest absorbance values. The performance of the detector (in terms of noise equivalent power and specific detectivity) was limited by the very thick (250 m thick) LiNbO 3 pyroelectric crystal onto which the coating was deposited. The responsivity of this detector was shown to be linear in the 0.06-2.8 mW radiant power range, and its spatial uniformity was comparable to that of other pyroelectric detectors that use different types of black coating. The carbon nanotube coatings were reported to be much more durable than other infrared black coatings, such as metal blacks, that are commonly used to coat thermal detectors in the infrared. This, in combination with their excellent spectral flatness, suggests that carbon nanotube coatings appear extremely promising for thermal detection applications in the infrared.
Introduction
Coatings applied to thermal detectors must combine high absorptivity, to ensure that a large fraction of the incident radiation is absorbed, with low thermal mass, to ensure that the resultant temperature increase is maximized for a certain level of incident radiant power. 1 These requirements are particularly important in the infrared, where there is limited availability of black coatings whose characteristics match the conditions stated above. While the absorptivities of gold-black coatings in the infrared are good, 2,3 the fibrous structure of these coatings is delicate, leading to degradation in performance owing to the collapse of this structure, particularly as a result of heating and physical contact. The physical properties of carbon nanotubes (CNTs) have been documented by CNT pioneers such as Saito et al. 4 Though different values may be reported in the literature for CNTs of various species and production methods, the evidence clearly indicates that CNT coatings have the advantages of mechanical strength, high melting temperature, and high thermal conductivity. 4 Lehman et al. recognized that the characteristics of CNT coatings fulfill the main requirements for black coatings for thermal detectors. 5, 6 The fabrication and evaluation of two pyroelectric detectors with two different types of CNT coating were reported in the 600-1800 nm wavelength range. 5, 6 However, the main applications of thermal detectors are in the infrared, where the advantages of alternative (photon) detector technologies are not so overwhelming, allowing thermal detectors to compete for market share. Our aim in this paper is to report the extension of the evaluation of a carbon multiwalled-nanotube-(MWNT-) coated pyroelectric detector in the infrared. The CNT coating, which was grown by hot-wire chemical-vapor deposition, was deposited onto a lithium niobate ͑LiNbO 3 ͒ crystal 5 250 m thick. The active area of the detector had a diameter of 3 mm. Full details of this pyroelectric detector and the characteristics of the CNT coating can be found elsewhere. 6 
Theory
Several papers have presented models for studying the optical properties of CNTs including an effective-medium approximation that uses the MaxwellGarnett theory 7 (MGT) and more recently a semianalytical method. 8 From these models it is apparent that some variation in the absorption efficiency is expected but that one may optimize this efficiency for a wavelength range by varying the tube topology.
The dielectric function for well-aligned carbon nanotubes is constructed based on the topology of aligned cylinders oriented perpendicularly to the detector surface and on the dielectric constants for graphite. Our measurements of responsivity are based on an optical beam propagating along the tube axis; thus in the MGT formulation the electric field is perpendicular to the tube axis. García-Vidal et al. 7 expressed the dielectric function for this orientation
where the fill factor is approximated by
and ʈ and Ќ are the parallel and perpendicular dielectric functions, respectively, of graphite. For brevity in Eq. (1),
Using data for graphite that are available in the Handbook of Optical Constants of Solids II, 9 we calculated dielectric function p and the corresponding index n ϭ ͱ p . From this, the detector absorption efficiency can be approximated by the use of Fresnel equations.
For analysis, CNT cylinders 30 m long and 10 nm in diameter deposited onto a nickel electrode on the LiNbO 3 pyroelectric plate are considered. This analysis is an objective basis for estimating detector efficiency as a function of wavelength based on CNT topology. From qualitative examination of the coating by a representative scanning-electron microscope image shown in Fig. 1 , it is known that these MWNTs are not perfectly aligned cylinders.
For the sake of discussion, the absorption efficiency at a single wavelength near 11 m can be calculated, based on the MGT, for fill factors ranging from 0.1 to 0.9. This range corresponds to cylinder gaps from 3 diameters to direct contact. The calculation indicates that a larger fill factor (greater tube spacing) corresponds to lower absorption efficiency. However, considering the entire range of fill factors as shown in Fig. 2 , the condition of tubes touching is also undesirable. There are other considerations beyond this analysis. By repeating the analysis, it may be shown that the optimum spacing is wavelength dependent. Thus, for a detector that has a broad and uniform spectral responsivity, a range of tube spacings is desirable. The results in Fig. 2 also indicate that it might be impossible to achieve a coating absorption efficiency greater than 90%. In this case the actual topology of the MWNT coating, rather than idealized topology, is probably preferred but more difficult to model and defend on a rigorous basis. For example, long crooked tubes that are poorly aligned are probably advantageous to enhance scattering among the tubes, thus providing multiple opportunities for photons to be absorbed.
Detector Fabrication
We consider this study to be a continuation of a proof of principle proposed earlier, and the details of the detector preparation are discussed elsewhere. 6 For continuity it is important to consider several points. Arguably, lithium tantalate ͑LiTaO 3 ͒ is preferable to LiNbO 3 for our application because the its pyroelectric coefficient is nearly two times greater. 10, 11 The Curie temperature for LiTaO 3 is low (660°C), approaching that of the furnace temperature during processing, while the Curie temperature of LiNbO 3 is approximately 1200°C. 12 Hot-wire chemical vapor deposition requires relatively high temperatures, reducing atmospheres, and the presence of metal catalysts on the crystal surface, which, as we have observed, can undesirably increase the electrical conductivity and possibly change the spontaneous polarization of the crystal. It is well known that the sensitivity of any thermal detector is inversely related to the detector's thermal mass. 13 We know that, all other things being equal, thinner pyroelectric detectors are more sensitive. 14 This principle must be optimized along with the more subjective and practical consideration that extremely thin detector crystals are difficult to work with experimentally. In the future we expect that our processing will be adapted and refined to accommodate thinner samples of LiTaO 3 and other thermal detector platforms.
Detector Characterization Facilities and Method
The performance of the MWNT pyroelectric detector was characterized by use of the National Physical Laboratory (NPL) infrared detector characterization facilities. 15 The NPL infrared spectral responsivity measurement facility is based on a double-grating monochromator of 0.25 m focal length operating in the subtractive mode. Full details on this facility can be found elsewhere. 16 For further information on the NPL spatial uniformity of response measurement facility and the NPL linearity of response measurement facility the reader is referred to Refs. 15 and 17, respectively. The maximum level of spectral irradiance at which linearity was measured was restricted by the maximum spectral radiance available from the 2 mm wide element of the tungsten strip lamp. During the linearity characterization, the unfiltered output of a tungsten strip lamp with a silica window was used. This was deemed acceptable because of the spectral flatness of the spectral responsivity of the CNT pyroelectric detector (see Subsection 5.A below).
For all the radiometric evaluations described in this paper, the MWNT pyroelectric detector was used in combination with a transimpedance amplifier operated at a fixed gain of 10 8 V A
Ϫ1
. All measurements presented in this paper were performed at a modulation frequency of 70 Hz. Figure 3 shows the relative spectral responsivity of the CNT pyroelectric detector in the wavelength range 0.9-14 m, normalized at 1.6 m. The error bars shown in Fig. 3 represent the 1 uncertainty of the measurements. The plot shows that the relative spectral responsivity was approximately flat in the wavelength range 1.6-14.0 m. This, in turn, means that the absorptivity of the MWNT coating was also flat because that is the main parameter that governs the relative spectral responsivity of thermal detectors. 1 For wavelengths below 1.6 m the response of the detector decreased monotonically with wavelength to 0.9 m, the shortest wavelength studied. This behavior confirms data previously reported by Lehman et al. 6 A similar behavior was also observed in some other good-quality metal-black coatings such as silver-black and some gold-black coatings. No measurements were attempted for wavelengths longer than 14 m because the signal-to-noise ratio of the measurements was extremely poor owing to the poor noise equivalent power of the detector and the low radiant power coming through the double-grating monochromator.
Results

A. Measurements of the Relative Spectral Responsivity and Specific Detectivity
The dc equivalent absolute spectral responsivity of the MWNT pyroelectric detector in combination with the transimpedance amplifier with 10 8 V͞A gain at 1.6 m for a 70 Hz modulation frequency was measured by comparison with NPL standards to be 9.03 V W
Ϫ1
. The noise power spectral density of the detector-amplifier combination at 70 Hz was measured to be 1.46 V Hz
Ϫ1͞2
. Ignoring the noise contribution that is due to the transimpedance amplifier (the noise was dominated by the pyroelectric detector), we estimated the specific detectivity (D*) of the CNT pyroelectric detector at 1.6 m and 70 Hz to be 1.82 ϫ 10 6 cm Hz 1͞2 W
Ϫ1
. This is a relatively poor value compared with that of gold-black-coated LiTO 3 pyroelectric detectors, which have D* values typically 2 orders of magnitude higher. The low D* value of the MWNT pyroelectric detector was not unexpected because this detector was based on a LiNbO 3 crystal 250 m thick. The thicker crystal (typically a factor of 5 thicker than LiTO 3 pyroelectric detectors studied previously), in combination with the poorer pyroelectric characteristics of the LiNbO 3 crystal, can account for most of the observed difference. Furthermore, the coating deposition required the LiNbO 3 crystal to be heated to temperatures in excess of 300°C, 6 which may also have led to a deterioration of the crystal's pyroelectric properties.
B. Temperature Coefficient of Response
We obtained the temperature coefficient of response by measuring the responsivity of the detector at a number of temperatures in the 20°C-30°C temperature range. The temperature coefficient is derived from the slope of the plot of detector responsivity versus temperature. Unlike for other detectors examined, the plot of detector responsivity versus temperature of the MWNT pyroelectric detector deviated severely from linearity. Furthermore, the drift characteristics of the detector depended strongly on temperature. Figure 4 shows the normalized output of the MWNT pyroelectric detector when it was illuminated with pseudomonochromatic (FWHM bandwidth, 25 nm) radiation of 1.6 m peak wavelength over a period of ϳ18 h. During this time the temperature of the detector (shown by the lighter curve in the same plot) was reduced from 20°C to 18°C and then increased to 22°C. Two effects were immediately obvious. First, the temperature coefficient of the response was highest near 18°C and 22°C but was low near 20.5°C. Second, the scatter of successive measurements of the detector output is highest near 18°C and 22°C but is lowest near 20.5°C. The authors can only assign this behavior to stresses in the pyroelectric crystal owing to thermal expansion at different temperatures. The temperatures at which noise minima occur are reproducible and could potentially be utilized to enhance detector performance. Figure 5 shows the normalized response of the MWNT pyroelectric detector measured at several points on the active area of this detector by use of a spot 0.4 mm in diameter. The largest deviation from the maximum response is less than 3%, which is typical for pyroelectric detectors of this size. 3 It has been found that the spatial nonuniformity of the response of a pyroelectric detector can arise from the pyroelectric crystal itself (e.g., from thickness variations) 18 or from the spatial variations of the quality of the black coating. Unambiguous identification of the origin of the spatial nonuniformity would require the removal of the MWNT coating, something that the authors were reluctant to do because of the rarity of this detector. Figure 6 shows the linearity factor 17 of the MWNT pyroelectric detector-amplifier combination. The abscissa represents the dc equivalent radiant power incident in the 2 mm diameter spot on the active area of the detector illuminated by the incident radiation. Error bars represent the standard deviation of eight measurements of the linearity factor at each value of radiant power. Data shown in Fig. 6 indicate no measurable deviation from linearity in the 0.06-2.8 mW radiant power range.
C. Spatial Uniformity of Response
D. Linearity Characteristics
E. Stability Figure 7 shows the normalized response of the MWNT pyroelectric detector over a 48 h period. No active temperature stabilization was utilized during these measurements. A platinum-black-coated LiTO 3 detector was used as a reference detector during this stability test. The unfiltered output of a tungsten strip lamp with a 2 mm wide tungsten element and a silica window was used to illuminate a 2 mm diameter spot on the active areas of both detectors. During the period of this test, the output of both detectors exhibited identical drifts of as much as 0.6%. These drifts were assigned to drifts in the lamp output be- Fig. 4 . Normalized output of the MWNT pyroelectric detector while its temperature (the lighter curve) was decreased from 20°C to 18°C and then increased to 22°C. cause they were common to the outputs of both detectors.
Conclusions
The performance of a pyroelectric detector with a multiwalled carbon nanotube coating was evaluated in the 0.9-14 m wavelength range. The relative spectral responsivity of this detector was shown to be spectrally invariant over most of the wavelength range examined and was shown to be comparable (in terms of spectral neutrality) to the best infrared black coatings currently available. This result is promising because black coatings with spectrally flat absorbance profiles are usually associated with the highest absorbance values. 19 Theory predicts that the absorbance of MWNT coatings will depend on the fill factor and will exhibit some dependency on wavelength. The results of this study show that the relative spectral responsivity of the MWNT-coated pyroelectric detector and therefore the absorbance of the MWNT coating does not exhibit any wavelength dependency in the 1.6-14 m wavelength range. This observation can be explained only by the CNTs' being long and crooked as well as being poorly aligned. This conclusion is supported by the shape of the nanotubes recorded by scanning-electron microscopy and shown in Fig. 1 . The performance of this detector (in terms of noise equivalent power and specific detectivity) was limited by the very thick ͑250 m͒ LiNbO 3 pyroelectric crystal onto which the coating was deposited. The detector was shown to be linear in the 0.06-2.8 mW radiant power range, and its spatial uniformity of response was similar to that of other pyroelectric detectors that use different types of black coating. The MWNT coating was reported to be much more durable than other infrared black coatings commonly used to coat thermal detectors in the infrared, such as metal blacks. This property, in combination with its demonstrated excellent spectral flatness, suggests that this coating appears extremely promising for thermal detection applications in the infrared.
